ABSTRACT Quantitative trait loci involved in the primary antibody response to keyhole lympet hemocyanin (KLH) and Mycobacterium butyricum were detected in two independent populations of laying hens. The first population was an F 2 cross (H/L) of lines divergently selected for either high or low primary antibody responses to SRBC, and the second population was an F 2 cross between 2 commercial layer lines displaying differences in feather pecking behavior (FP). Both populations were typed with microsatellite markers widely distributed over the genome with similar intervals between markers. Titers of antibodies binding KLH and M. butyricum were measured for all individuals by ELISA. Two genetic models were applied to detect QTL involved in the humoral immune
INTRODUCTION
Improvement of health of chickens by selection for enhanced general resistance to pathogens is an attractive alternative for veterinary health treatments. However, there are many pathogenic organisms to which poultry may be exposed during a lifetime. Also, it is difficult to identify infectious organisms that could serve as the appropriate selection targets (Lamont, 1998) . Genetic resistance of poultry may be improved by selecting for generalized improved immune responses to a complex antigen such as SRBC. Chickens divergently selected for high antibody responses to SRBC showed higher resistance to some infectious diseases, e.g., Marek's Disease (Pinard et al., 1992) and coccidiosis . Similar results were found with various other selec-2003 Poultry Science Association, Inc. Received for publication May 20, 2003 . Accepted for publication August 18, 2003. 1 To whom correspondence should be addressed: Maria. Siwek@wur.nl.
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response: a half-sib model and a line-cross model, both using the regression interval method. In the half-sib analysis, 2 QTL (on GGA14 and GGA27) were detected for the antibody response to KLH for the H/L population, and 2 QTL (on GGA14 and GGA18) were detected for the FP population. Only 1 QTL was detected for M. butyricum on GGA14 in the FP population using the half-sib analysis model. Two QTL were detected for the FP population on GGA2 and GGA3 using the line-cross analysis model. A QTL for the primary antibody response to KLH detected on GGA14 was validated in both populations under the half-sib analysis model. The present data suggest differences in the genetic regulation of antibody responses to two different T-cell dependent antigens. tion lines; however, enhanced resistance to one infection could be accompanied with enhanced susceptibility to other infections (Gross et al., 1980; Dunnington et al., 1986) . Divergent selection to antigens (e.g., SRBC, Escherichia coli) resulted in divergent humoral and cellular immune responses to several other antigens, e.g., Brucella abortus (Nelson et al., 1995) , E. coli (Pitcovski et al., 2001; Yunis et al., 2002) , bovine serum albumin , Mycobacterium butyricum (Parmentier et al., 1998) , concanavalin A (Parmentier et al., 1993 , Kreukniet et al., 1994 , phytohemagglutinin (Pinard 2002) , and vaccines (Parmentier et al., 1996) in various selection lines. These results suggested that divergent selection for one antigen, e.g., SRBC, may influence regulation of the humoral as well as cellular immune responses for different types of antigens.
A well-established chicken genetic map enables the use of molecular tools to detect loci affecting complex traits in which one-to-one relationships between phenotype and genotype do not exist. QTL experiments in poultry dealing with immune traits have focused on Marek's disease virus (Vallejo et al., 1998) , antibody responses to Salmonella enteritidis vaccine (Kaiser et al. 2002) , and antibody responses to E. coli vaccine (Yonash et al., 2001; Yunis et al., 2002) .
Different QTL for primary and secondary antibody responses to SRBC in the reciprocal F 2 cross of the high and low (H/L) selection lines have been described (M. Siwek, unpublished data). In the present study, keyhole lympet hemocyanin (KLH) and M. butyricum were used as antigens to detect QTL underlying primary antibody responses to other T-cell dependent antigens. Birds do not naturally encounter the KLH antigen, which thus represents a novel antigen that is suitable to measure primary immune responses. In mammals, KLH immunization results in TH-2 dependent (antibody) immune responses (Bliss et al., 1996) . On the other hand, M. butyricum is a specific antigen that induces TH-1 immune responses in mammals (Mosmann and Sad, 1996) . The purpose of the current study was to detect QTL controlling antibody responses to antigens other than the one used for selection (SRBC) in the H/L lines and to detect QTL affecting antibody response to both antigens. In addition, it is important to confirm results from an initial QTL genome scan of a population in an independent study to be sure that QTL detected were not artifacts. Such confirmation studies should be independent of the original QTL experiment, and different animals should be used rather than those in the original QTL study (Spelman and Bovenhuis, 1998) . Here the results of such a QTL analysis aimed at the identification of QTL involved in regulation of antibody response to KLH and M. butyricum are presented for 2 independent populations of laying hens.
MATERIALS AND METHODS

Chicken Populations
The first population was the H/L F 2 population that originated from a cross (ISA Warren, medium heavy layers) between 2 divergently selected lines for high (H line) or low (L line) primary antibody response to SRBC. Selection was based on the individual antibody titer at 5 d after primary intramuscular immunization with SRBC at 37 d of age (Van der Zijpp and Nieuwland, 1986) . Reciprocal crosses with birds from the 18th generation were made to generate F 1 birds. From the F 1 generation, an intercross was made to produce 672 individuals in 6 hatches of the F 2 experimental population.
The second population was the feather pecking (FP) F 2 population, which was created from a cross between 2 2 Cal Biochem-Novabiochem Co., La Jolla, CA. commercial lines of layers as described by Buitenhuis et al. (2003) . In brief, reciprocal crosses were made to create F 1 birds. Seven half-sib families were created to obtain 630 F 2 animals. The F 2 chicks were hatched in 5 batches at 2-wk intervals.
For both populations all birds were housed in brooder cages with free access to water and feed (152 g/kg CP and 2,817 kcal/kg ME). Birds were not beak-trimmed, and each individual bird was marked with a wing band. All birds were vaccinated against Marek's disease, infectious bronchitis, and infectious bursal disease at hatch and at 2 and 15 d of age, respectively. The Ethical Committee On Animal Care and Welfare of Wageningen University, The Netherlands, approved the experiment.
Phenotyping of the F 2 H/L and FP Populations
Total antibody responses to KLH were measured in individual plasma samples obtained at 7 d after s.c. immunization with 1 mg of KLH 2 in 1 mL of PBS (pH 7.2) at 12 wk of age for the H/L population and at 36 wk of age for the FP population. Antibody responses to M. butyricum 3 were measured in individual plasma samples at 11 d after s.c. immunization with 1 mg M. butyricum in 1 mL PBS at 14 wk of age for the H/L population and at 39 wk of age for the FP population. Antibody titers to KLH and M. butyricum of all birds were measured by an indirect ELISA as described by Sijben et al. (2000) . Titers were expressed as the log 2 values of the highest dilution giving a positive reaction.
Genotyping of the F 2 H/L and FP Populations
Genomic DNA was isolated using the Gentra Generation Capture Plate Kit 4 from whole blood according to the Capture Plate Kit protocol. 4 In total, 170 and 180 microsatellite markers were chosen for the H/L and FP populations, respectively. These microsatellite markers were widely distributed over the chicken genome, approximately 20 cM apart. These markers were covering GGA1 to GGA19, GGA23, GGA24, GGA27, GGA28, and GGAZ, and linkage groups E38, E47W24, and E60E04W23 . The PCR reactions were performed as described by Crooijmans et al. (1997) . The PCR program used was 5 min at 95°C, 35 cycles of 30 s at 95°C, 30 s at annealing temperature (45°C to 60°C), and 30 s at 72°C followed by a final elongation step of 4 min at 72°C. Markers were divided over 13 sets. For each set, PCR products of these markers were pooled per individual in a total volume of 50 µL. Finally 1 µL of pooled PCR product was mixed with 1.6 µL of loading buffer (containing 80% formamide and GENESCAN − 350 TAMRA marker 5 ), loaded on a 6% denaturing polyacrylamide gel (Sequagel 6 6 ), and analyzed on an ABI 373.
5 Fragment sizes were analyzed with GENESCAN fragment analysis software 5 and allele identification was performed using GENOTYPER software.
5 All genotypes were checked twice. Finally, the data were checked for non-Mendelian inheritance using the CRI-Map (Green et al., 1990) . All together, 722 birds from generations F 0 , F 1 , and F 2 of the H/L population and 689 from generations F 0 , F 1 and F 2 of the FP population were genotyped.
QTL Analysis
The analyses were performed separately for both experimental populations. Prior to the QTL analysis, phenotypic data were adjusted for the systematic hatch effects using the PROC GLM Procedure (SAS Institute, 1995) .
where µ = the grand mean, H i = the effect of the ith hatch (i = 1, 2,... , 6 for the H/L population and i = 1, 2,... , 5 for FP population, respectively), and e ij = residual effects. The hatch is referred to a group of individuals hatched at one time. The sex effect was not statistically significant and was, therefore, omitted in the model.
Regression interval mapping was used for QTL detection. Two different genetic models were used: 1) paternal half-sib analysis (Knott et al., 1996; De Koning et al., 1999) , and 2) line-cross analysis model (Haley et al., 1994) . In the paternal half-sib model, no assumptions are made concerning the allele frequencies in the founder lines and number of QTL alleles. The F 2 animals are treated as a number of unrelated half-sib families using the model:
where Y ij = the trait score of individual j, originating from sire i, m i = the average effect for half-sib family i, b i = the substitution effect for a putative QTL, P ij = is the conditional probability of individual j inheriting the first paternal gamete, and e ij = the residual effect.
In the line-cross model, the power of QTL detection depends on the assumption of fixation of QTL alleles for the trait of interest in the founder lines. In this model the alternative alleles at the QTL are traced back to the founder lines. At every centi-Morgan across the genome the following model is fitted:
where Y j = the adjusted trait score of animal j; m = the population mean; a and d = the estimated additive and dominant effects of a putative QTL at the given location, respectively; x aj = the conditional probability of animal j carrying both alleles from the same line; x dj = the conditional probability of being heterozygous at given location; and e j = the residual error.
Significance Thresholds
Significance thresholds were determined empirically by a permutation test (Churchill and Doerge, 1994) . Data permutation, with at least 10,000 replicates, was used to determine the empirical distribution of the test statistic under the null hypothesis of no QTL associated with the chromosome under study (De Koning et al., 1999) . Three significance levels were defined according to Lander and Kruglyak (1995) : 1) chromosome-wide linkage (which takes into account multiple testing on the specific chromosome) 2) suggestive linkage (one false positive is expected in a genome scan), and 3) significant linkage (statistical evidence expected to occur 0.05 times in a genome scan).
RESULTS
Phenotypic Measurements
In both populations, antibody titers to KLH and M. butyricum were not normally distributed. The mean titer ± SD at 7 d after immunization for KLH in the H/L population was 5.10 ± 2.12, whereas in the FP population the mean titer of antibodies binding KLH was 6.42 ± 1.40. Mean titers of antibodies binding ± SD at 11 d after immunization for M. butyricum were 4.23 ± 2.09 and 7.55 ± 1.46 for the H/L and FP populations, respectively.
Genotyping
In total, 208 microsatellite markers were tested on the H/L and FP grandparents for polymorphism. Thirtyeight markers for H/L and twenty-eight markers for FP could not be used in the total genome scan, either because markers did not amplify, or because the markers were not informative in the cross. The map distances in general did not differ much from the distances on the consensus linkage map; therefore the map distances based on the consensus map were used. The estimated genome coverages were 78% for the H/L population and 80% for the FP population.
Half-Sib Analysis
H/L Population. The results found for the KLH antibody response using the half-sib analysis are presented in Table 1 . For the antibody response to KLH, 4 QTL were detected. A suggestive QTL with an F ratio of 3.66 was detected on GGA14 between marker brackets MCW0296 and MCW0123 (Figure 1) . Family 3 contributed the most to this QTL with an F ratio of 22.77 and an allele substitution effect of 2.29. The contribution of individual family QTL effects with regard to GGA14 is presented in Table 2 .
A significant QTL with an F ratio of 3.76 was detected on GGA27 between marker brackets MCW0350 and MCW0328 (Table 1) . Family 3 contributed the most to this QTL with an F ratio of 8.23 and an allele substitution effect of 1.24. A chromosome-wide QTL with an F ratio of 3.77 was detected on GGA2 between marker brackets ADL0228 and LEI0089. Family 4 contributed the most to this QTL with an F ratio of 12.64 and an allele substitution effect of −1.72. A second chromosome-wide QTL with an F ratio of 3.11 was detected on GGA3 between marker brackets MCW0261 and MCW0222. Family 5 contributed the most to this QTL with an F ratio of 8.82 and an allele substitution effect of 1.84. There were no QTL detected for antibody response to M. butyricum using the halfsib analysis. FP Population. The QTL detected for the KLH antibody response using half-sib analysis are presented in Table 3 . For the antibody response to KLH, 2 QTL were detected. A significant QTL with an F ratio of 4.04 was detected on GGA14 between marker brackets MCW0296 and MCW0123 (Figure 2 ). Two families contributed the most to this QTL: family 7 with an F ratio of 15.73 and an allele substitution effect of 2.29 and family 5 with an F ratio of 2.65 and an allele substitution effect of 2.42. The family contribution to QTL on GGA14 is presented in Table 2 . A chromosome-wide QTL with an F ratio of 2.77 was detected on GGA18 between marker brackets MCW0045 and ROS0022 (Table 3) . Family 4 contributed the most to this QTL with an F ratio of 19.24 and an allele substitution effect of 1.41.
For the antibody response to M. butyricum, 3 QTL were detected. A suggestive QTL was detected on GGA14 with an F ratio of 2.45 between marker brackets MCW0136 and MCW0225 (Table 3) . Family 3 contributed the most to this QTL with an F ratio of 8.24 and an allele substitution effect of −1.15. A chromosome-wide QTL was detected on GGA16 with an F ratio of 1.99 between marker brackets MCW0370 and MCW0371. Family 2 contributed the most to this QTL with an F ratio of 4.83 and an allele substitution effect of −1.14. A second chromosome-wide QTL was detected on GGA18 between marker brackets ROS022 and MCW0219 with an F ratio of 2.83. Family 5 contributed the most to this QTL with an F ratio of 6.46 and an allele substitution effect of 1.20.
Line-Cross Analysis
There were no QTL detected for antibody response to both KLH and M. butyricum using the line-cross analysis model in the H/L population. For the FP population, results for the KLH antibody response are presented in Table 4 . For the antibody response to KLH, 2 Mendelian QTL were detected. A suggestive QTL was detected on GGA2 between marker brackets MCW0065 and MCW0042 with a dominance effect of −0.43 and an additive effect of 0.25. A suggestive QTL was detected on GGA3 between marker brackets MCW0004 and MCW00126 with a dominance effect of −1.42 and an additive effect of −0.16. There were no QTL detected for antibody response to M. butyricum using the line-cross analysis model (data not shown).
An overview of QTL related to the primary responses to different antigens and comparing QTL detected in both experimental populations, using the half-sib analysis model, is presented in Table 5 . First, there were chromosomes dedicated to specific antigens. QTL for primary antibody responses to SRBC were detected on GGA5 in the marker brackets LEI0082-ADL0023 and on GGA23 in the marker brackets MCW0165-ADL0289 (M. Siwek, unpublished data). A QTL restricted for primary antibody responses to KLH was detected on GGA27. Second, some common chromosomes were detected for combinations of antigens. On GGA16 a QTL was located for antibody response to M. butyricum and SRBC. On GGA14 a QTL was located for antibody response to KLH and M. butyri- cum. On GGA3 a QTL was located for antibody responses to SRBC and KLH.
DISCUSSION
In the current study, results are presented of a QTL mapping analysis for primary antibody responses to KLH and M. butyricum in 2 independent F 2 populations. The first F 2 population was a cross of chicken lines divergently selected for either high or low antibody responses to SRBC. The second population was a cross between 2 commercial layer lines. Both experimental populations were typed with microsatellite markers widely distributed over the genome and had similar intervals between markers.
To date, there are not many QTL studies performed dealing with immune responses of poultry. Those that have been performed are generally characterized by low numbers of F 2 individuals (Yonash et al. 1999) , or the F 2 individuals are analyzed together with individuals from a back cross (Yonash et al. 2001) . Threshold levels applied in these experiments were mainly chromosome-wide, following the guidelines of Lander and Kruglyak (1995) , and did not take into account testing the whole genome. Because of the different analysis methods applied, it is difficult to compare the results from other experiments with those of the current study. To verify the existence of a QTL observed in an initial genome scan, further confirmation is necessary, preferably on independent populations as described by Spelman and Bovenhuis (1998) . Here we present the detection of a QTL for primary antibody responses to KLH, which has been mapped in 2 independent chicken populations. In both populations, H/L and FP, all methods used for analysis were the same: simple regression interval mapping, multiple testing, and thresholds following the guidelines of Langer and Kruglyak (1995) , which allowed comparison of results from the two experiments. All individuals from both populations received the same treatment. The influence of the vaccina-tion on antibody titers cannot be excluded but such an effect was not observed in the parental lines of H/L populations. Also, both experimental populations followed the same routine vaccination schedule, where the last vaccine was injected at Day 28. The cross influence of the antigens may be excluded. For every antigen and every test day, the zero titers were measured. The variation observed for Day 0 titers was very small. Also, the cross epitopes for specific antigens are not known.
A QTL for the antibody response to KLH detected on GGA14 for the H/L population was validated in an independent FP population. The QTL detected in the FP population showed a higher threshold than the one found for the H/L population. However, the effects of that QTL were not very strong in either case. There was only 1 family contributing to this QTL in the H/L population and 2 families in the FP population. The observed independent confirmation of this QTL motivates further investigations in this region and eventually positional cloning.
Current QTL validation experiments have focused on rodents (McClearn et al., 1998; Radcliffe et al., 2000; Bergeson et al., 2001; Erwin et al., 2001; Klein et al., 2001) and dairy cattle (Arranz et al., 1998) . To the authors' knowledge, the present study is the first confirmation with regard to a QTL of an immune-related trait in chickens.
The QTL detected using the half-sib analysis were observed in different locations than the QTL detected using the line-cross analysis model. A possible explanation might be the limited number of families that contributed to these QTL in both populations. The QTL alleles with relatively large effect but low frequency were detected, and QTL alleles were probably not fixed in both populations. In the present study, primary antibody responses to KLH or M. butyricum were measured for the 3 following reasons. First, in mammals M. butyricum (TH-1) and KLH (TH-2) reflect different types of antibody responses. Second, significant line differences were found with respect to antibody titers to KLH (data not published), and M. butyricum (Parmentier et al., 1998) in the founder lines of the current H/L population antibody responses to both antigens always were higher in the H line. Third, although the TH-1/TH-2 paradigm has not been formally established yet in poultry, differences between the antibody responses to these 2 antigens, with respect to magnitude, kinetics, and modulation, were described by Sijben et al. (2001) , suggested different processing of the 2 antigens. In this respect it was noteworthy that both types of T-cell dependent antibody responses to KLH and M. butyricum were not reflected by corresponding QTL in either chicken population. Quantitative trait loci for the antibody response to M. butyricum were found in the FP population but not in the H/L population. Although unlikely, divergent selection for the antibody responses to a particulate antigen (SRBC) might not have affected the antibody response to M. butyricum.
From the overall analysis of QTL detected for primary antibody response to SRBC, KLH, and M. butyricum, a conclusion about "private" and "public" chromosomal regions related to mentioned antigens was made. First, "private" chromosomes were dedicated to specific antigens. QTL for primary antibody responses to SRBC were detected on GGA5 and GGA23. A QTL restricted for primary antibody responses to KLH was detected on GGA27. Second, some "public" chromosomes were detected for combinations of antigens. On GGA16 a QTL was located for antibody response to M. butyricum and SRBC. On GGA14 a QTL was detected for antibody response to KLH and M. butyricum. On GGA3 a QTL was located for antibody responses to SRBC and KLH. These shared QTL suggested corresponding (public) genes underlying non-antigen-specific pathways of antibody responses to different T-cell dependent antigens. However, the number of QTL detected for the antibody response to KLH and M. butyricum was lower in the H/L then in the FP population. Similarly, the QTL restricted to single antigens, when confirmed in an independent fashion as shown in the current study for GGA14, might represent "private" antigen-specific pathways of the antibody response. The differences of QTL detected between the populations, or the absence of QTL in the H/L population vs. the presence in the FP population may also be related to the differences in age at immunization between the lines, the FP line being older and showing higher titers, or, alternatively, the immunological features of the antigen. For instance, QTL detected in the H/L population for primary antibody responses to SRBC did not coincide with those for the KLH primary antibody response. This might be explained by the different ages at immunization; however, the agglutinating primary antibody response to SRBC consists mainly of the IgM isotype, whereas primary responses to KLH in the SRBC-selection lines are also composed of IgG antibodies. Also, little knowledge is available of the optimal moment of antibody responses in the various F 2 populations. In the present study, antibody titers were measured at a single moment after sensitization.
In the chicken, several genes involved in regulation of immune responses were placed on the genetic map. Some of the major genes were mapped on GGA1 (γ-interferon; Guttenbach et al., 2000) , GGA15 (immunoglobulin light chain; Zhao et al., 2000) , GGA16 (B-region; DominguezSteglich et al., 1991) , and GGA27 (T-cell receptor α chain; Wang et al., 1997) . Interestingly, no QTL was found on GGA16 for the primary antibody responses to either KLH or M. butyricum in the H/L population. The current founder H line almost exclusively consists of the BG-21 haplotype, whereas the founder L line is almost exclusively of the BG-14 haplotype. As yet GGA16 requires further coverage by polymorphic DNA markers; however, primary antibody responses to SRBC were reflected by a QTL on GGA16 (M. Siwek, unpublished data). This finding suggests that the B locus is not a major region underlying the variability of primary antibody responses to T-cell-dependent antigens, or that the QTL alleles for those traits did not differ between the lines that were crossed. At present, there are no known genes mapped in the region of the validated QTL on GGA14 that are related to immune responses. To obtain a high-density comparative map many more genes have to be located. That can be achieved using the Wageningen bacterial artificial chromosome library to identify new genes on the chicken genome (Crooijmans et al., 2000; Jennen et al., 2002; Buitenhuis et al., 2002) . Apart from the library, it is also possible to use information provided by a chicken radiation hybrid panel as a powerful method in a comparative mapping (Morisson et al., 2002) . Sequenced chicken cDNA (http://www.chick.umist.ac.uk, Boardman et al. 2002 , Abdrakhmanov et al., 2000 are available and indispensable for improving the chicken gene maps in general and especially in those chromosomal regions where QTL have been identified. Next to the improvement of the comparative map, it is important to verify the QTL in subsequent generations to reduce the QTL region.
In the same F 2 H/L birds as described in the current paper, different QTL for primary and secondary antibody responses to SRBC were detected. Regions with major immune response genes, such as the B-region (GGA16) and TCRA (GGA27), were indicated only for the secondary antibody response to SRBC (M. Siwek, unpublished data). Currently, an F 4 generation of the H/L SRBC selection population has been bred.
In summary, the result of a QTL analysis aimed at the identification of QTL involved in the primary antibody response to KLH and M. butyricum was presented for two independent populations of laying hens. The results of the study suggested that different molecular mechanisms are involved in the primary humoral response to different T-cell-dependent antigens, e.g., SRBC, KLH, and M. butyricum, in chickens. The presence of a QTL on GGA14 for the primary antibody response to KLH was validated in two independent populations.
